We isolated a b-N-acetylglucosaminidase encoding gene from theˆlamentous fungus Aspergillus oryzae, and designated it nagA. The nagA gene encoded a polypeptide of 600 amino acids with signiˆcant similarity to glucosaminidases and hexosaminidases of various eukaryotes. A. oryzae strain carrying the nagA gene under the control of the improved glaA promoter produced large amounts of b-N-acetylglucosaminidase in a wheat bran solid culture. The b-N-acetylglucosaminidase was puriˆed from crude extracts of the solid culture by column chromatographies on Q-Sepharose and Sephacryl S-200. This enzyme was used for synthesis of lacto-N-triose II, which is contained in human milk. By reverse hydrolysis reaction, lacto-N-triose II and its positional isomer were synthesized from lactose and D-N-acetylglucosamine in 0.21% and 0.15% yield, respectively.
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In recent years, extensive research has focused on the potential roles of oligosaccharides in biological recognition processes. Human milk contains a variety of biologically important oligosaccharides that inhibit infection by microorganism.
1) The roles of oligosaccharides in milk as protective factors can be explained by at least two possible mechanisms. First, some oligosaccharides are growth factors for normal intestinal ‰ora such as Biˆdobacterium biˆdus. Second, oligosaccharides are potent inhibitors of adhesion of pathogenic bacteria to epithelial surfaces.
Large-scale and inexpensive supply is necessary for use of these oligosaccharides as food additives. Both organic chemical methods 2) and enzymatic methods 3) have been used in the synthesis of biologically important oligosaccharides. In enzymatic approaches, many glycosidases have been shown as potential tool for the synthesis of oligosaccharides 4) and some commercial oligosaccharides were produced by glycosidase-catalyzed reactions. Recently, we used the reverse hydrolysis activity of b-N-acetylglucosaminidase derived from jack bean for synthesis of GlcNAcb1-2Man and GlcNAcb1-6Man, which are structural components of asparagine linked sugar chains. 5) In general, plant origin enzymes are expensive and di‹cult to obtain in large amounts. The expense of enzymes prevents the use of enzymatic methods for industrial production of oligosaccharides. For that reason, it is important to isolate new enzymes by molecular cloning techniques and to construct overproducing systems. The cloned enzymes are expected to be produced in large amounts and used for large-scale synthesis of valuable oligosaccharides.
Theˆlamentous fungus Aspergillus oryzae has been widely used in fermentation food industries for several hundred years and it is considered to be a safe host. 6) This fungus secretes a large amount of glycosidases such as Taka-amylase A, glucoamylase, and a-glucosidase. Recently, it has been reported that molecular cloning of b-N-acetylglucosaminidaseencoding genes has been done from several fungi such as Tricoderma harzianum 7) and Candida albicans. 8) We have also reported the cloning and characterization of the nagA gene encoding b-N-acetylglucosaminidase from Aspergillus nidulans.
9)
In this report, we show the cloning of a b-N-acetylglucosaminidase gene from A. oryzae, construction of the over-producing strain, puriˆcation, and characterization of this enzyme. The enzymatic synthesis of human milk oligosaccharides is also presented. For the enzymatic synthesis of oligosaccharide containing GlcNAc, we attempted to clone the gene encoding b-N-acetylglucosaminidase from A. oryzae. We designed the primers nagA560F (5?-ATCGCG-GACTTATGGTTGATACTGGGAGGAACTT-3?) and nagA830R (5?-GGCATATCAATTTCCGGGA-TCACACG-3?) based on the highly conserved amino acid sequences among A. nidulans NagA, C. albicans Hex1, and T. harzianum Nag1. A 270-bp DNA fragment was ampliˆed by PCR against A. oryzae RIB40 chromosomal DNA. Using the PCR product as a probe, plaque hybridization was done on the A. oryzae genomic library. From the three positive clones, we isolated the identical 7-kb EcoRI fragment, and sequencing analysis of the region found an ORF encoding a protein with overall similarity to hexosaminidases belonging to family 20 of glycosyl hydrolases. 10) We designated the gene nagA. The nagA cDNA was ampliˆed from the A. oryzae cDNA library by PCR using primers ORYN (sense primer, containing the putative initiation codon: 5?-AATATCATTCAATTATGCGGAT-3?) and ORYC (antisense primer, containing the putative termination codon: 5?-AACTATGTTTACTGAATTGC-3?).
Comparison of the genomic and cDNA sequences showed that the nagA gene has no intron and encodes a protein of 600 amino acids. The sequence data have been deposited in the DDBJ, EMBL, and NCBI nucleotide sequence databases under the accession number AB085840. The calculated molecular mass of NagA is 67.5 kDa and the isoelectric point (pI) is 4.7. The N-terminal 18-amino acids hydrophobic sequence is considered to be a secretion signal. Six potential N-glycosylation sites are found in the NagA sequence. The A. oryzae NagA amino acid sequence showed similarity to hexosaminidases and glucosaminidases from a variety of organisms. There is 70z, 65z, 44z, 31z, 25z, 22z, 20z, and 22z similarity of amino acids with A. nidulans b-Nacetylglucosaminidase, Penicillium chrysogenum b-N-acetylhexosaminidase, C. albicans b-N-acetylglucosaminidase, Arabidopsis thaliana F3F20.4 gene product, Drosophila melanogaster Hexo1, T. harzianum b-N-acetylglucosaminidase, D. discoideum b-Nhexosaminidase, and human b-N-hexosaminidase b chain, respectively. Hou et al. reported that Arg211, Asp354, and Glu355 residues of human b-hexosaminidase B were important for enzymatic activity and considered to be catalytic residues.
11) These residues are perfectly conserved among the hexosaminidases and glucosaminidases including NagA from A. oryzae (Fig. 1) . (B) EŠects of pH on the activity and stability of the enzyme. The measurement of enzyme activity was done in the following buŠer:   , acetate buŠer (pH 3.-5.0);   , phosphate buŠer (pH5.0-7.5); and $  $, Tris-HCl buŠer (pH 7.5-9.5). pH stability of the enzyme is shown by   .
To conˆrm the enzymatic activity of the nagA gene product, the 1.8-kb nagA cDNA fragment was inserted into a yeast expression vector, pYES2 (Invitrogen, Groningen, Netherlands) and introduced into Saccharomyces cerevisiae YPH500 ( MATa ura3 lys2 ade2 trp1 his3 leu2). The colonies of transformants were strongly stained in blue by b-N-acetylglucosaminidase activity on a plate containing XGlcNAc (Sigma-Aldrich Fine Chemicals, Co., St. Louis, MO) (data not shown).
For high-level secretion of b-N-acetylglucosaminidase in A. oryzae, the 1.8-kb nagA fragment was inserted into the fungal expression vector pNGA142 downstream from the improved glaA promoter. 12) The resultant plasmid pNcO was introduced into A. oryzae niaD300 13) and the nitrate-using transformants were streaked on fresh medium to obtain homokaryotic strains. We observed that colonies of the selected strains were more strongly stained on a DPY plate (2z dextrin, 1z polypepton, 0.5z yeast extract, 0.5z KH2PO4 and 0.05z MgSO4.7H2O) containing 0.2 mg W ml X-GlcNAc than that of the host strain (data not shown). One of the overproducing strains (ONAG11) was used for further investigation.
We did a wheat bran solid-state culture for production of b-N-acetylglucosaminidase. Approximately 10 6 conidia of ONGA11 were inoculated in 20 ml of seeding medium (0.25z yeast extract, 5.6z corn starch, 1.8z peptone, 0.125z KCl, 0.15z MgSO4 ・ 7H2O, and 2z wheat bran) and cultured at 309 C for 2 days with shaking. Five-fold dilution of the culture (8 ml) was inoculated into 10 g of sterilized wheat bran in a 300-ml ‰ask and incubated at 309 C for 5 days. The crude enzyme was extracted from the solid culture with 100 ml of water at 309 C for 2 h. After centrifugation, the crude enzyme solution was analyzed by SDS-PAGE. The 50-kDa bands seen in all lanes correspond to the endogeneous A. oryzae Taka-amylase.
14)
The enzyme of solution of ONAG11 showed another band with an apparent molecular mass of 65-kDa ( Fig. 2(A), lane 1) .
We measured b-N-acetylglucosaminidase activity of the crude enzyme solution using pNP-GlcNAc, (Sigma-Aldrich) as substrate. 15) One unit of enzyme activity catalyses the formation of 1 mmole pnitrophenol from pNP-GlcNAc per minute at 379 C. This enzyme solution of ONAG11 had more than 100-fold increase in b-N-acetylglucosaminidase activity (56.6 U W ml) compared with the host strain niaD-300 (0.49 U W ml). The enzyme solution also had 23.2 U W ml of b-N-acetylgalactosaminidase activity with pNP-GalNAc as substrate. It indicates that A. oryzae NagA has both b-N-acetylglucosaminidase and b-N-acetylgalactosaminidase activities.
The enzyme was puriˆed by the following proce- Fig. 3 . Scheme of the Synthesis of Lacto-N-triose II, GlcNAcb1-3Galb1-4Glc (1) and Positional Isomer, GlcNAcb1-6Lactose (2).
dures and all puriˆcation steps were done at 49 C. The crude enzyme solution (100 ml) was put on a QSepharose column (5×20 cm) equilibrated with 10 mM sodium phosphate buŠer (pH 6.0). The column was washed with 200 ml of 0.25 M NaCl, and the enzyme was eluted with a linear gradient of NaCl (0.25-0.5 M, 500 ml) in the same buŠer. The fractions containing b-N-acetylglucosaminidase activity were pooled and concentrated to 20 ml with an Amicon YM3 disc membrane (molecular mass cut oŠ: 3-kDa, Millipore Co., Bedford, MA). A 2.4-ml portion of the concentrated enzyme solution was put on a Sephacryl S-200 column (2×100 cm) and was eluted with 10 mM sodium phosphate buŠer (pH 7.4) containing 0.1 M sodium sulfate at a ‰ow rate of 0.5 ml W min, and 4-ml fractions were collected. The fractions containing b-N-acetylglucosaminidase activity were concentrated using Ultrafree MC (molecular mass cut oŠ: 10-kDa, Millipore). The SDS-PAGE analysis showed that a-amylase could not be removed in this step ( Fig. 2(A) , lane 2). Additional gelˆltra-tion chromatography on Sephacryl S-200 gave a single protein band (Fig. 2(A), lane 3) . The molecular mass of puriˆed b-N-acetylglucosaminidase (65 kDa) estimated by SDS-PAGE coincided with the calculated NagA protein. The puriˆcation of b-N-acetylglucosaminidase from 53 mg of protein recovered from a wheat bran culture of A. oryzae ONAG11 strain is summarized in TABLE 1. The b-N-acetylglucosaminidase was puriˆed 17.2 fold from the crude enzyme with a yield of 32z. The eŠects of pH on the activity and stability of the puriˆed b-Nacetylglucosaminidase are shown in Fig. 2(B) . For the measurement of optimum pH, the b-N-acetylglucosaminidase activity was measured at 379 C for 5 min. The enzyme showed pH optima at around 5.0. The pH stability of the enzyme was assayed by incubation of the enzyme in appropriate buŠers (pH 3.0-9.5) at 379 C for 20 h. After the incubation, the enzyme activity was measured in the potassium phosphate buŠer (pH 6.0) at 379 C for 5 min. This enzyme was more stable at alkaline pH than acidic pH. The thermal stability of the enzyme was examined by incubation of the enzyme in 0.1 M potassium phosphate buŠer solution (pH 6.0) for 30 min. The enzyme was stable below 459 C (data not shown). We previously reported that b-N-acetylglucosaminidase encoded by the nagA gene of A. nidulans showed pH optima of 4-5 and the molecular mass of 65 kDa, and hydrolyzed both pNP-GlcNAc and pNP-GalNAc.
These enzymatic features were close to those of b-Nacetylglucosaminidase from A. oryzae. The puriˆed b-N-acetylglucosaminidase was used for the synthesis of lacto-N-triose II (GlcNAcb1-3Galb1-4Glc), which is one of the major components of human milk oligosaccharide (Fig. 3) . We tried to synthesize lacto-N-triose II from GlcNAc and lactose by reverse hydrolysis. A solution containing highly concentrated N-acetylglucosamine (3.0 g) and lactose (10.0 g) in 24 ml of potassium phosphate buŠer (pH 6.0) was incubated in the presence of the b-N-acetylglucosaminidase (60 U) at 459 C for 4 days. The mixture was applied to an activated carbon column (q2.5×43 cm) and the products were eluted using a gradient from zero to 40z (v W v) EtOH solution to give lacto-N-triose II and its positional isomer GlcNAcb1-6Lactose in 0.21z and 0.15z yield, respectively. These structures were identiˆed by 1 H NMR and 13 C NMR spectra. The NMR data were identical to the NMR spectra of GlcNAcb1-6Lactose and lacto-N-triose II reported by Urashima et al. 16) and Murata et al., 17) respectively. When a large amount of enzyme (600 U) was used, the yields of the lacto-N-triose II and GlcNAcb1-6Lactose were increased to 0.36z and 0.72z, respectively, but the regioselectivity of this reaction was decreased. Although these yields were somewhat low, the starting materials (GlcNAc and lactose) are cheap and can be easily recovered from the reaction mixture. Therefore, we consider the reverse hydrolysis reaction using the A. oryzae b-Nacetylglucosaminidase is likely to be a practical method for the synthesis of human milk oligosaccharides.
